A dual-frequency absorber with periodic double-layer graphene ring arrays separated by dielectric spacer is proposed. Coupled-mode theory and finite difference time domain method are used to analyze the perfect absorption and the absorption mechanism. Moreover, the influences of structural parameters and chemical potential of graphene on the peak positions have been investigated. Benefiting from chemical potential can be controlled by external bias voltage, thus the proposed structure can be used as a dynamically tunable absorber. Such simple absorber has potential applications in optical storage devices and frequency-selective detectors for terahertz regime.
Introduction
Two-dimensional (2D) materials have attracted a wide attention. They have peculiar characteristics and functions because of their unique 2D structure [1] - [3] . The 2D materials are proposed from the isolation of graphene by the Geim group in 2004 [4] . Graphene consists of a single layer of carbon atoms arranged in a hexagonal lattice, which has the highest carrier mobility among the 2D materials [5] . Recent studies have shown that graphene can support surface plasmons in the terahertz regimes and it has great properties of field confinement and resonant frequency tunability [6] - [11] . Based on these advantages, various graphene optoelectronic devices have been designed, for example, plasmonic polarizers [12] , [13] , logic gates [14] , [15] , filters [16] , [17] , and absorbers [18] - [20] .
Within these applications, absorber is a quite practical one because it plays an important role in many fields, such as sensors [21] , [22] , solar cells [23] , [24] and modulators [25] , [26] . At present, many absorbers based on metallic metasurface have been proposed [27] , [28] . As we know, traditional metal materials have disadvantages of large ohmic losses and relatively fixed permittivity. By placing another metallic film as a substrate, the metasurface based near-unity absorbers can be achieved, which can increase the absorption efficiency [29] - [31] . But the shortcoming of the passivity in tuning the resonant frequency still cannot be overcome. In these respects, graphene exhibits sufficient advantages over metals, which shows extremely low loss and high tunability. Fig. 1 . Schematic diagram of the double-layer graphene sandwiched absorber. t, t 1 and t 2 are the thickness of gold substrate, the lower silica layer and the upper silica layer, respectively. P x and P y are the period lengths in the x and y directions, respectively. r 1 and r 2 are the inner and outer radius of graphene ring, respectively.
Recently, several researchers have put forward some absorbers based on graphene [32] - [36] . For instance, in Ref. [37] , a cross-shaped arrays based graphene metamaterial absorber has been investigated. The operating wavelength can be adjusted by tuning the chemical potential of graphene, but the highest absorption coefficient is only 0.25. In Ref. [38] , a tunable graphene-based absorber composed of ribbon-arrays sandwiched between dielectric spacer on the metal plate has been proposed, which shows perfect absorption response in the mid-infrared region. However, it only achieves single band absorption. In Ref. [39] , an H-shaped split-ring resonator based graphene metamaterial has been investigated. The modulation of the resonant frequency and amplitude can be achieved by adjusting the external bias voltage. However, the structures involved are relatively complex. In addition, various kinds of graphene based metamaterials which can achieve dual-frequency absorption have been designed, such as graphene cross and disk graphene arrays [40] , elliptic-shaped arrays [41] , [42] , and even spiral-shaped graphene-metal microstructure [43] . But these structures are still complex.
In this paper, a simulation investigation on the absorbing performance of periodic doublelayer graphene ring arrays separated by dielectric spacer is systematically conducted. The dualfrequency absorption mechanism is investigated by finite difference time domain (FDTD) method and coupled-mode theory (CMT). The results show that both peaks can achieve perfect absorption response. Furthermore, we also study the effects of structural parameters, incident angle and chemical potential of graphene on absorption performance. Fig. 1 shows the schematic diagram of the dual-frequency perfect absorber, which is composed of the periodic double-layer graphene rings, sandwiched in the dielectric layers. The graphene ring arrays are separated by the dielectric layers with the thickness of t 1 and t 2 , respectively. The thickness of the metallic substrate is t. The period lengths in the x and y directions are P x and P y , respectively. r 1 and r 2 refer to the inner and outer radius of the ring, respectively. The surface conductivity of graphene can be given by Kubo formula as [44] :
Models
where ω, e, , μ c , k B , , and f d (ξ ) represent the radian frequency, the charge of an electron, scattering rate, chemical potential, Boltzmann's constant, reduced Planck's constant, and the Fermi-Dirac distribution, respectively. = 0.00017 eV and T = 300 K is adopted. The dielectric layer is silica with the refractive index of 1.5. The substrate is gold with the conductivity of 4.56 × 10 7 S/m.
In this paper, 3D FDTD method with grid size of 2 nm × 2 nm × 2 nm is used to investigate the absorption property of the absorber. We put two monitors at the graphene interface to observe the electric field distributions. Periodic boundary conditions are applied in the x and y directions. Perfectly matched layer is used along z direction to absorb the scattered light.
Although we only study in the perspective of simulation, it does not consider the experimental realization. However, the feasibility of experiment is also analyzed here. Fig. 2 shows the preparation scheme for realizing the absorber structure. The silica layer t 1 can be prepared by magnetron sputtering on a gold substrate by depositing a 5 nm titanium adhesion layer [ Fig. 2 Fig. 3 shows the reflection and absorption of the proposed absorber when the x-polarized plane wave vertically illuminates the structure. The perfect absorption dual-peaks are at the resonant frequencies of 2.03 THz and 2.39 THz, respectively. Firstly, we analyze the absorber performance theoretically. At present, the mainstream analytical theoretical models mainly include CMT and equivalent transmission line model. The former needs to consider the double-layer graphene film as a resonant cavity. The latter converts the elements of the absorber into impedance. Here, the propagation property of our proposed structure is investigated by CMT [38] , [47] .
Results and Discussions
When the electromagnetic wave with the frequency of ω illuminates the absorber, the amplitudes of normalized incoming and outgoing waves transmitted through the absorber structure are expressed as S + and S -, respectively. Since the thickness (0.5 μm) of the gold film is much larger than the penetration depth of electromagnetic waves, the transmission can be regarded as zero. Therefore, the absorber structure can be regarded as a single port system, and the double-layer graphene rings can be treated as a whole coupling resonator. For this system, the dynamic equations for the amplitudes a i of the resonance modes formed between the double-layer graphene spacer can be expressed as:
where ω i (i = 1, 2) is the central resonant frequencies of the cavity, κ 0i and κ ci are the dissipative loss and the coupling coefficient of the mode i. The amplitude of the outgoing wave Scan be described as:
where r 0 is the total reflectivity of the structure without the graphene rings. Because of the existence of the gold layer, all incident waves will be reflected, so r 0 equals to −1. So we can calculate the reflectance r of the whole structure according to the equation r = S -/S + . Because for the whole structure, the transmission can be regarded as zero, so the absorption of the structure can be expressed as:
where n is the number of resonant modes, c is a constant, and C i is coefficient. The impedance Z of this structure can be defined as [48] 
The perfect absorption peaks represent that the impedance Z of the absorber is perfectly matched with the free space impedance, i.e., Z = 1. So when ω = ω i , the condition of κ 0i = κ ci must be satisfied. We apply the derived analytical formula (4) to our proposed structure. Unknown parameters can be obtained by fitting simulation results. The spectrum shows a good agreement with the FDTD method.
In order to understand the absorption mechanism in the proposed structure, the electric field distributions of the double-layer graphene ring arrays corresponding to the dual-frequency are plotted in Fig. 4 . It shows the side and top view of electric field E z distribution of the double-layer graphene rings at the resonant frequency of 2.03 THz and 2.39 THz, respectively. When the resonant frequency is 2.03 THz, we can observe that the dipole resonance with opposite sign is supported by the graphene ring, as shown in Fig. 4(a) . And the energy of incident electromagnetic wave is mainly concentrated on the inner and outer edges of the lower graphene ring. In addition, Fig. 4(b) shows that antiparallel currents are formed in the upper and lower graphene layers, which indicate that the double-layer structure plays a role on an anti-symmetric dipole-dipole coupling resonant cavity. When the resonant frequency is 2.39 THz, the electromagnetic field distributions are just the contrary, as shown in Fig. 4(c) and 4(d) . It is obvious that the energy is mainly focused on the upper graphene layer and the antiparallel surface currents are also generated on the upper and lower layer. If we compare the absorption spectra of the absorber with only the upper and the lower layer of graphene rings, as shown in Fig. 4(e) , it can be seen that with only lower layer of graphene ring, the absorption peak is located at the frequency of 2.03 THz. When there is only upper layer of graphene ring, the absorption peak is located at the frequency of 2.39 THz. These two absorption peaks constitute the dual-peaks of our proposed absorber with double-layer graphene rings, which coincides with the results predicted by the electric field distributions.
As we can see, the spectral position of the dual absorption peaks correspond to the resonant frequencies formed on the double-layer graphene rings, in other words, the spectral position of the absorption peaks can be tuned by the geometric parameters. So it is important to investigate the effect of the geometric parameters on the resonant frequency. Fig. 5(a) plots the absorption versus the outer radius of the graphene ring. The full widths at half maximums (FWHMs) of the two peaks are basically constant. If the outer radius of the ring increases from 0.80 μm to 1.20 μm, while remains the period length as constant, which is equivalent to increasing duty cycle. Hence, the real part of the anti-symmetric coupling resonant wave vector decreases [49] , which leads to the redshift of the positions of the peaks. If the period length increases from 3.0 μm to 5.0 μm, while remains the outer radius as constant, which is equivalent to decreasing duty cycle. So contrary to Fig. 5(a) , we can observe the blue shift of the peak positions, as shown in Fig. 5(b) . In addition, in the previous analysis based on the CMT, we consider the double-layer graphene film as a resonant cavity, so the coupling distance t 2 is also a very important structural parameter. Fig. 5(c) shows the absorption spectra with various thickness of the upper silica layer. As we expected, with the change of coupling distance t 2 , not only the position of the absorption peaks will be changed, but also the absorption efficiency will be changed. Furthermore, we also analyze the effect of the thickness of the lower silica layer t 1 on absorption spectra, as shown in Fig. 5(d) . It can be seen that the change of t 1 has little effect on the positions of absorption peaks, but has great influence on the absorption and FWHM of resonance peaks. This is because the effective impedance of the double-layer graphene ring array depends on the thickness t 1 [50] . With the increase of thickness t 1 , the impedance matching with the free space is gradually formed, so the absorption efficiency is also gradually increased to 100%.
In practical application, the incident wave is more common with an oblique angle. Therefore, it is essential to analyze the robustness of the absorber under oblique incidence. As shown in Fig. 6 (a) and 6(b), for both TE and TM polarizations, our proposed absorber can still work over a wide range of incident angle up to 60 degrees, and more than 80% absorption is still obtained for dual peaks. Therefore, the proposed absorber has wide-angle characteristic.
According to the characteristics of graphene, the chemical potential is related to external bias voltage. The chemical potential of a single graphene can be described as [51] :
where is the reduced Planck constant, V F is the Fermi velocity (∼10 8 cm/s in graphene), ε 0 is the vacuum permittivity, ε r and t are the permittivity constant and thickness of the silica layer, V B is the bias voltage, e is the charge of an electron. Fig. 7(a) shows that the chemical potential can be increased by increasing the bias voltage. Fig. 7(b) shows the effect of the chemical potential of graphene on the absorption peak position. It is because chemical potential μ c and the real part of the wave vector β of the anti-symmetric mode supported by double graphene layers embedded in silica have the following relationship [49] , [52] :
where k 0 is the free space wave vector, η 0 is the impedance of silica. In other words, β and μ c are inverse relations. So, when increasing the chemical potential from 0.05 eV to 0.15 eV, the real part of the anti-symmetric coupling resonant wave vector decreases. It leads to the obvious red shift of the positions of dual absorption peaks. The magnitudes of the two peaks first increase and reach the maximum when the chemical potential is 0.1 eV, and then decreases. It is due to that the impedance matching between the input impedance of the absorber and the free space impedance is broken when the chemical potential changes. Therefore, the reflection cannot reach zero. Hence, we can dynamically tune the absorption peaks by changing the bias voltage. From the perspective of experiment, the chemical potential can be easily modified by exerting a gate voltage on the graphene rings [53] , and optical injection [54] is also a good approach.
Conclusions
In this paper, a dual-frequency absorber with periodic double-layer graphene ring arrays separated by dielectric spacer is systematically conducted. The electromagnetic field distributions based on FDTD method show that the incident energy is efficiently confined in the structure and the perfect absorption for terahertz frequency is achieved. Moreover, the peak positions can be affected by the outer radius of ring, the period length and the dielectric layer thickness. In addition, the peak positions can be easily tuned by changing external bias voltage without changing the structural parameters, which is a great advantage over the traditional metallic plasmonic absorbers. Such simple dual-frequency tunable absorber has potential applications in optical storage devices and frequency-selective detectors for terahertz frequency.
